A model of droplet impacting on a thin horizontal wire is developed and numerically analyzed via level set method (LSM). Through varying the impact velocity, the flow regimes of droplet impacting on the wire are examined and analyzed. The detailed hydrodynamic behaviors including transient velocity and pressure distributions as well as the evolution of the gas-liquid interface during droplet impingement are investigated. The results indicate that the hanging mode, merging mode, and splitting mode appear during the droplet impingement on a thin horizontal wire. In merging mode, the tiny bubbles converge to big bubbles arising from the inertia difference between the liquid and the gas make. Due to the dynamic equilibrium between the friction of the thin wire and the droplet surface tension, the double reflux zone and the high-pressure zone are only observed in hanging mode rather than in merging mode and splitting mode. The flow regimes diagram depending on We and Bo is provided to represent the flow regimes of droplet impacting on a thin horizontal wire. The corresponding exponential correlations are given in form of We = ae bBo to distinguish the boundaries between these droplet flow regimes.
Introduction
The phenomenon of droplet impingent on a solid or liquid surface exists ubiquitously in industrial processes and daily life, including rain dropping, ink-jet printing, pesticide, or fuel spraying [1] [2] [3] [4] . Various flow patterns of a droplet impacting solid surfaces have been demonstrated by many experimental results [2, 5] , i.e., spread, splash, break-up, and rebound. These patterns are strongly influenced by droplet size, physical properties of the droplets [6] , droplet impact velocity, solid surface characteristics (surface contact angle, surface roughness) [7, 8] , substrate geometry, etc. Revealing the hydrodynamic mechanism of drop impingement on a solid surface and prediction related flow patterns have aroused wide scientific interest in recent years for the possible manipulation.
Droplet dynamics contain many aspects, the droplet deformation [9, 10] , the interaction between droplets and objects, bifurcation flow [11] , etc. Most research has focused on the experimental observation of droplets falling on flat surfaces [12, 13] , and this domain has been extensively investigated in depth for decades. However, in practical applications, droplets usually impact arbitrarily shaped surfaces. Several experimental research studies and numerical simulations concerning the impact of droplets on curved surfaces [14, 15] , holes [16] , knots [17] , stairs [18] , and porous media [19] as well as thin wires or fibers have also been carried out. The interactions between droplets and thin wires or fibers take on a variety of forms; for instance, droplets slide on the junction between vertical and horizontal fibers [20] ; drops can impact inclined fibers and the efficiency of water drop capture ability is dramatically increased [21] ; the elastic effects of fibers have been considered by experimentally studying the dynamics of a single drop's impact on a thin flexible fiber [22, 23] . Yet, droplets dripping onto thin wires become the basis for a more complicated drippage phenomenon that could be beneficial in the microfluidics field involving droplets [24] .
In the present work, we focus on a numerical simulation of the dynamic behavior of water droplets as they impact a thin rigid wire. The idea arises from an interesting natural 2 Mathematical Problems in Engineering phenomenon that of numerous water droplets hanging on a spider web on a rainy day or in an early morning dew. Behavior of the capture of water droplets by filaments has been successfully applied for fog harvesting in arid areas, and for filtration and condensers [25] . Lorenceau et al. [17] experimentally investigated the dynamics of drops as they impacted horizontal fibers and determined the velocity threshold from the static and dynamic aspects, including the threshold below which the drop was entirely captured. Whereas in that study the threshold velocity was measured under conditions of symmetric impact, Lorenceau et al. [26] then considered the positions of the drop's impact relative to the fiber and surprisingly found that an off-center impact enhanced the ability of the fiber to capture the drop. Sher et al. [27] experimentally studied the off-center impact of water droplets on thin horizontal wires and the amount of liquid trapped on a dry, smooth horizontal wire was determined, and a nondimensional criterion was proposed. Kim and Kim [28] experimentally identified three outcomes of collision (capture, single drop fall, and splitting) when the drop impacted a thin fiber and they developed a theoretical model to predict the residual water mass that was critically dependent on the fiber thickness, rather than the impact velocity. Moreover, the role of surface wettability on the droplet impact has been examined; it is found that the droplet impact exhibits single drop falling behavior for the hydrophilic fiber and splitting behavior for the hydrophobic fiber when they have the identical impact velocity. Indeed, plenty of two-phase flow models (e.g., volume of fluid method, level set method, phase field method, etc.) can simulate a droplet impacting on a thin wire, but the emphases of the analysis are different. Khalili et al. [29] focused on acquiring threshold radius and velocity of a drop which is entirely captured by the fiber by the VOF method for tracking the free surface motion. Pasandideh-Fard et al. [5] established a three-dimensional model to examine the rather complicated free surface flow behaviors when a droplet impinges on a tube or a wire and the computer-generated images of droplet deformation after impact agreed well with photographs. Liang et al. [16] experimentally observed a drop's impact on cylindrical surfaces with different curvature ratios, in which the cylindrical surface could be a tube or wire. Meanwhile, three-dimensional simulations using the Coupled Level Set and Volume of Fluid (CLSVOF) method were also conducted for a droplet's impact on a tube. Ma et al. [14] solve the fluid-solid coupling and complex free surface problems based on the Smoothed Particle Hydrodynamics (SPH) method. In fact, a two-dimensional model using the level set method (LSM) can perfectly describe the evolution process of droplets dripping on thin wires, because the simulation results of our models not only agree very well with the experimental results shown in Figure 4 , but also agree well with the analytical solutions which are shown in Figure 3 .
Compared with the experimental investigations, I think the significance of the simulation lies in the fact that it can reduce the cost and improve the efficiency of the research. More importantly, the simulation can get the data which cannot be obtained by the experiment (e.g., the detailed hydrodynamic behaviors including transient velocity and pressure distributions in our article), which is helpful to elucidate the essence and mechanism of the physical process. Few numerical efforts have been carried out to explore the dynamic behaviors of a droplet impact on a thin rigid objects. Due to the fact that deformation of a droplet impact on a thin wire is an unsteady process with complicated gasliquid interface evolution as well as the difference in physical properties and external conditions between the dispersed phase and the continuous phase, the theoretical analyses of the physical mechanism about hanging mode, merging mode, and splitting mode and the droplet capture mechanism of the thin wire remain less understood. Therefore, a LSM numerical approach is introduced to predict the interaction between a droplet and a thin wire. In particular, the detailed information including the velocity and pressure field and the gas-liquid interface evolutions of the above-mentioned three types of droplet flow regimes are illustrated and discussed; the influence factors are systematically analyzed as well. In addition, more universal results or applications are preferred; that is, we hope to get a solution of a class of problems rather than a solution of a specific problem, so the key parameters need to be dimensionless and the dimensionless flow regimes diagram depending on We and Bo is provided to describe the flow behavior of droplet impacting on a thin horizontal wire.
Droplet Impact on Thin Wires
. . Mathematical Model. For the purpose of elucidating the mechanism and evolution of the droplet flow regime, a twodimensional mathematical model for the droplet impact on a thin wire was established. Compared with the 3D model, the 2D model omits the interaction of the viscous force inside the droplet in the Z direction, that is, when the droplet impacts on the thin wire in the 3D model, the velocity and the impact force of the droplet are greater than that in the 2D model. It can be seen from the comparison of our simulation results and experiment by Kim [28] that the deformation of the droplets impacting on the thin wire in the simulation is larger than that in the experiment. However, the overall deformation trend of our simulation results in the 2D models not only agree very well with the experimental results, but also agree well with the analytical solutions which are shown in Figure 3 . In addition, the 2D model not only can reduces the computational cost, but also clearly elucidates the problem. Therefore, we use the 2D model to solve the problem of droplets impacting on the thin wire.
As shown in Figure 1 , a water droplet (radius R) is placed at a certain height with an initial velocity V ' right above a thin wire (radius r). The dripping process of the water droplet is controlled by gravity; that is, the initial impact velocity of the water droplet on the thin wire is ensured by the height and initial droplet velocity. Periodic boundary conditions are imposed on all sides of the computational domain with the aim of eliminating the boundary effect. The surface of the thin wire is set as a wetted wall boundary condition. Although the centric impacts of droplets on a wire is symmetric, the structure of our case shown in Figure 1 is not complicated, the size of which is not very large. More importantly, modeling and calculating the whole region can more comprehensively capture some asymmetric details. Therefore, the whole region is calculated.
Some assumptions were made to numerically study the problem. The air and water droplets are incompressible and considered to be Newtonian fluids with constant density ( a , l ) and dynamic viscosity ( a , l ). The fluid flow is a laminar two-phase flow. The interfaces are tracked by the level set method, which is an Eulerian approach using a smooth function to implicitly describe the interface for the two-phase flow. The level set function is defined as a signed distance to the interface. Accordingly, the interface is the zero level set in a two-phase flow system.
where is the distance from the interface. The level set method uses level set function and Heaviside function to describe physical properties of fluid, i.e., and across the interface, which can be treated as follows:
where subscript and represent the air and liquid droplet, respectively.
The Heaviside function is defined as
where is a minor regularization parameter which determines the thickness of the interface. The Heaviside function can also be used as a method and index to distinguish the types of media in the calculation area. The gas-liquid interface and liquid-solid interface were obtained by solving the convection diffusion equation of the level set function and the time-dependent incompressible Navier-Stokes equations.
where means the amount of initialization and u is the fluid interface moving velocity vector governed by the mass and momentum equations:
where is the fluid pressure, I is the identity matrix, g is the acceleration of gravity, F is the surface tension, and S = g + F is referred to as the source item of the equation. The surface tension is described as the following equation:
where is the surface tension coefficient, is the Dirac delta function which is zero everywhere except at the interface, and n is the unit normal of the interface that can be expressed as follows:
In the simulation, the ambient temperature is constant, thus physical parameters related to the temperature are constant. If not specifically indicated, the surface of the thin wire is hydrophilic and the surface contact angle is 30
∘ . The paper mainly takes the droplet capture of the thin wire as the application background. The commonly used thin wire is made of copper and the contact angle of water on the copper surface is about 30
∘ . For the reason, the numerical simulation of the droplet impacting on the thin wire was carried out in a typical case (contact angle is 30 ∘ ). The ambient air is considered to be dynamically inactive as the droplet is falling.
. . Numerical Method. The finite element method is employed to solve the level set equation and Navier-Stokes equations in a two-dimensional Cartesian coordinate system. The interface convective equations of the level set method must be initialized before the transient solving. In the initialization step, the interface convective equation is solved at stationary conditions to make sure the level set parameter can vary smoothly across the initial interface [30] . Triangular mesh elements (unstructured mesh) are utilized throughout the computational region. As shown in Figure 2 , the grid arrangement should maintain the principle that the path of the droplet is drawn with the finer meshes, especially around the interaction interface between the water droplet and the thin wire. The mesh size of other surrounding regions gradually increases from the droplet path to the periodic boundaries to reduce the computational expense. Considering the mesh size directly affects the accuracy of the numerical calculation, so it is necessary to carry out a grid independence test with a series of mesh sizes. The sensitivity analysis of mesh size is conducted with different mesh number of Cells Per droplet Radius (CPR) (including 1,876, 5,184, 11,278, 44,242, and 176,868) to ensure that the numerical results are independent of the mesh size. The calculation results showed that the relative error of the average velocity of droplet at 8 ms is less than 1.7% when the mesh number of CPR exceeds 11,278. Therefore, considering the tradeoff between computational time and simulation precision, the mesh number of 11,278 is selected in the simulations.
Except for the mesh quality, the thickness of the interface should be thin. This is to say, the interface should be distinct enough to achieve a sharp transition, which also greatly affects the convergence of the numerical solutions; thus, it will track the fluid properties of the interface more accurately, i.e., density, dynamic viscosity, and surface tension [31] . 
where is the viscosity ratio between the drop and the continuous phase. Figure 3 shows good agreement between the simulation results and the theoretical solutions; therefore, it fully demonstrates that the present model is rational and reliable. According to different impact velocity and fiber diameter, three outcomes of the droplet impact on a fiber are illustrated in Figure 4 ; the overall deformation trend of our simulation results agree very well with the experimental results [28] . The rationality of the model is further proved.
Results and Discussion
. . Impact Behaviors. For a thin wire with a curvature that is relatively large, the behavior of the droplet impact upon the thin wire shows greater differences compared to impact on flat surfaces. In this work, with the increase of impact velocity, three types of droplet impact modes are obtained. As shown in Figure 5 , when a droplet impacts a thin wire with a certain velocity due to gravity and the droplet is hung on the thin wire, it is called hanging mode. As the impact velocity increase, the friction and the viscous force between the droplet and the thin wire cannot overcome gravity and the inertial force of the droplet; hence the droplet falls through the thin wire and then merges into a whole which is shown in Figure 7 : this is known as merging mode. Eventually, the continuously increasing impact velocity results in the inertial force overwhelming the viscous force. Then the droplet is split into two parts by the thin wire as shown in Figure 10 , which is regarded as splitting mode.
The above three processes in the evolution of the morphology of the droplet can be divided into three stages (see Figures 5, 7, and 10) . The first two stages, free falling and splitting, are almost identical. In the free falling stage, the droplet is a freely falling body due to gravity. Once contacting the thin wire, it begins to be split by the wire. Because the velocities of the droplet impact on the thin wire are different, the different deformation behaviors of the droplets are mainly reflected in the third stage, that is, oscillation in hanging mode, merging in merging mode, and splitting in splitting mode.
In order to analyze the characteristics of the detailed flow dynamics for the three droplet impact modes, the velocity and pressure distributions of a droplet are illustrated in Figures  6, 8, and 11 , respectively. Meanwhile, three types of flow regimes diagrams on the droplet impact on a thin wire are obtained as a function of the dimensionless criterion number We and Bo shown in Figure 12 . The droplet impact velocity and the surface tension of the droplet are the key parameters to control the droplet morphology. Figure 5 shows the droplet morphology evolution in hanging mode. Before its impact upon the thin wire, the droplet is in the free fall stage. It keeps its round shape because of its low impact velocity and small droplet size. When the droplet is falling onto the thin wire, it begins to be flattened at about 6 ms, the shape changes from a nearly round shape (6 ms), umbrella shape (8 ms), to a dumbbell shape (10 ms and 12 ms). During the splitting stage, the surface tension plays a key role, which makes the droplet does not penetrate the thin wire. Next, in the oscillation stage, the inertial force continues to increase, the surface tension is unable to maintain the continuity of the interface, and the droplet passes through the thin wire at 14 ms. At this time, the sum of the upward friction and surface tension is equivalent to the sum of the downward inertial force and gravity. Hence, the droplet is in an oscillating state; the droplet is elongated downward to the limit (20 ms) and then rebounded upward; and it moves like this repeatedly until it hangs on the thin wire statically.
In order to better understand the droplet impact mechanism, the pressure and velocity field distributions of the typical shapes are presented in Figure 6 . When the droplet just impacts the thin wire (see Figure 6 (a)), the falling droplet causes a local vortex flow in the surrounding air (see Figure 6 (a-2)), and the high-pressure zone is near the top of the thin wire (see Figure 6(a-1) ). With the increase of deformation degree, the droplet velocity is further reduced and the high-pressure zone is on both lower sides of the droplet (see Figure 6 (b)), since the surface tension dominates to prevent both sides of the droplet from falling due to the inertial force and gravity. In the oscillation stage, the streamlines show a larger curvature (see Figures 6(c-2) and 6(d-2) ) compared to the splitting stage, and reflux appears in the local region. In the process of elongating, the maximum pressure region appears on both sides of the droplet (see Figure 6(c-1) ) to make the droplet compressed in the horizontal direction and elongated in the vertical direction, while when the droplet is elongated to the limit, the maximum pressure region appears on both sides of the thin wire (see Figure 6(d-1) ), since the friction of the thin wire and the droplet surface tension have a trend towards retaining the droplet as hanging on the thin wire.
. . . Merging Mode. As illustrated in Figure 7 for merging mode, compared with hanging mode, the droplet impact velocity becomes larger. The whole evolution process is very similar to hanging mode. The only difference is the third stage where the droplet falls when it passes through the thin wire, instead of hanging on the thin wire. As the droplet impact velocity increases, the inertial force of the droplet impact on the thin wire increases, and the deformation of the droplet increases accordingly. The two split parts of the droplet are elongated downward (2 ms ∼ 3.5 ms). The gap between the two parts becomes smaller and smaller until it disappears. The two split parts finally merge into one droplet underneath the thin wire, and then continue to leave the thin wire and fall (4 ms ∼ 5 ms).
The pressure and velocity distribution of the typical droplet morphologies are shown in Figure 8 . It can clearly be seen that the high-pressure area appears at the top of the thin wire while the low-pressure area appears on both sides of the thin wire before the droplet leaves the thin wire (see Figures 8(a-1) and 8(b-1) ), which is mainly attributed to the friction force of the thin wire and the droplet surface tension preventing the droplet from falling due to gravity. In addition, the falling of the droplet causes a flow in the ambient air, and two vortexes appear symmetrically on both sides of the droplet (see Figures 8(a-2) , 8(b-2), and 8(c-2)). Due to the shearing action of the thin wire on the droplet, the droplet's disturbance of the surrounding airflow field is more severe; hence, the largest vortexes appear in Figure 8 (b-2) where the shear effect is greatest. Yet, the minimum vortexes appear in Figure 8 (c-2), which is because the shear effect of the thin wire disappears and the droplet just leaves the thin wire; consequently, the inertial force is relatively small, and therefore, the droplet achieves minimum velocity (Figure 8(c) ). An interesting phenomenon appears in Figure 7 (e.g., t = 5 ms); there are bubbles in the droplet. In fact, the formation process of the visible bubbles is that the droplet is split and then merged, during the process (e.g., t = 3.5 ∼ 4.5 ms in Figure 7 ) a small amount of air (multiple tiny bubbles) is brought into the droplet. Because the density of air is less than that of droplet, the tiny bubbles have a tendency to move upward. At the same time, when the droplet passes through the thin wire, the flow field inside the droplet is disturbed by the friction of the thin wire, and the tiny bubbles tend to move towards the middle of the droplet. Under the above two trends, tiny bubbles will merge into larger bubbles in the upper and middle position of the droplet (e.g., t = 5 ms in Figure 7 ). It appears that the process of bubble growth is actually the process of merging tiny bubbles into big bubbles. Moreover, a mesh independence test has been conducted using two different mesh number of CPR (1,000 and 44,242) to ensure the morphology of bubbles are independent of the mesh size. When t = 4.5 ms, there is almost no difference in the morphology of the two bubbles with different mesh sizes which are shown in Figure 9 .
. . . Splitting Mode. Figure 10 presents the droplet morphology evolution for splitting mode. Compared with the merging mode, the impact velocity continues to increase. The droplet is split in half (1.25 ms) after the free falling stage (0 ms ∼ 1 ms). The two split parts of the droplet continue to fall due to the increasing inertial force.
Three typical droplet morphologies are chosen to study the pressure and velocity distribution of the droplet (see Figure 11 ). With the evolution in morphology of the droplet, the size and location of the high or low-pressure area is constantly changing. The high-pressure area always appears on the top of the thin wire, and gradually decreases with the downward movement of the droplet (see Figures 11(a-1)-11(c-1) ). Meanwhile, for the variations in droplet shape and friction direction, the location of the low-pressure area is also constantly changing, from both sides of the thin wire (Figure 11(a-1) ) to the lower (Figure 11(b-1) ) and lowest position (Figure 11(c-1) ). Similar to the merging mode, the maximum velocity and vortexes appear as in Figure 11 (b-2) while the minimum velocity and vortexes appear as in Figure 11(c-2) , because the thin wire is a barrier to the droplet in Figures 11(a-2) and 11(b-2) , while the thin wire has a retention effect on the droplet as in Figure 11(c-2) .
. . Flow Regime Analysis. The droplet impact process is controlled by gravity, inertial force, surface tension, friction force, and viscous force, but the effect of viscous force can be negligible according to the present research [27] . Two nondimensional numbers are the crucial parameters to determine the droplet morphology after impact on a thin wire when the diameter ratio of the droplet and the thin wire is constant, that is, a Weber number of = V 0 2 / (the ratio of inertial force to surface tension) and a Bond number of = 2 / (the ratio of gravity to surface tension). Figure 12 presents a distribution diagram of the three types of flow regimes for the droplet impact on a thin wire as a function of We and Bo.
As shown in Figure 12 , the hanging mode usually occurs when the Weber number (the impact velocity) is relatively small. As the short dash line shown in Figure 12 , the transition from the hanging mode to the merging mode of the droplet is almost not sensitive to the Bond number when the Weber number is relatively small (less than about 9). The Bond number is inversely proportional to the surface tension of the droplet. In addition, the variation trend of the flow regime boundary between the splitting mode and the merging mode can be explained whereby for a given impact velocity, the decreasing surface tension might change the droplet behavior from splitting mode to merging mode, while for the given surface tension of a droplet, the increased impact velocity might change the droplet behavior from merging mode to splitting mode. Generally speaking, there is a greater possibility of the droplet being split by the thin wire when the impact velocity is relatively high. That is why the splitting mode is distributed in the area with the larger Weber numbers. The merging mode appears between the splitting mode and the hanging mode.
Conclusions
In this paper, a theoretical model of a droplet impact on a thin wire is developed with level set method and numerically analyzed by finite element method. The simulation produces three flow regimes (hanging mode, merging mode, and splitting mode), and their detailed hydrodynamic behaviors are systematically presented and discussed, including the velocity and pressure distributions as well as the evolution of the gas-liquid interface. In merging mode, with the increase of the droplet impact velocity, an increasing number of tiny bubbles are entrained into the droplet; i.e., the tiny bubbles converge to big bubbles arising from the inertia difference between the liquid and the gas. Our results also reveal that only in hanging mode the double reflux zone and the highpressure zone are produced on both sides of the thin wire which would not happen in merging mode and splitting mode, for the friction of the thin wire and the droplet surface tension achieve an dynamic equilibrium. Meanwhile, the flow regimes diagram depending on We and Bo is plotted to represent the above-mentioned three droplet flow regimes. Furthermore, the corresponding exponential correlations in form of We = ae are given to distinguish the boundaries between different droplet flow regimes.
Data Availability
The data of hanging mode as an example used to support the findings of this study are included within the supplementary information files.
thin wire which is known as hanging mode. (Supplementary Materials) 
